Introduction
Taxus baccata is a rare species throughout its entire natural range and is often categorized as nationally threatened in countries where it occurs (Thomas and Polwart 2003; Schirone et al. 2010 ) and the woodlands with Taxus have received priority habitat status under Annex I of the EU Habitats Directive. In most localities in Europe, Taxus populations have declined due to the lack of natural regeneration. Most often, all seedlings die in the first or second year, although initially their number is high (Thomas and Polwart 2003) . The main reasons for seedling mortality are grazing by deer (Perrin et al. 2006) , excessive shading (Iszkuło and Boratyński 2006) , interaction of low temperature and light availability (Iszkuło 2010) and drought in the Mediterranean region (Sanz et al. 2009 ). Dioecy may also adversely affect the mortality of yew (Iszkuło et al. 2009; Cedro and Iszkuło 2011) . The passive protection of European yew populations and the lack of thinning in the natural reserves have resulted in excessive canopy density and, consequently, lack of reproduction success (Dhar et al. 2008) .
According to the classifications, yews and firs are considered shade-tolerant species (Ellenberg et al. 1991; Brzeziecki and Kienast 1994) . However, the yew is thought of as the most shade-tolerant woody species in central Europe (Thomas and Polwart 2003) .
To date, the growth rate of natural regeneration of yews and firs occurring at the same site has not been compared. The simultaneous occurrence of firs and yews in Knyazhdvir Reserve in Ukraine creates a unique opportunity to better understand the biology of both species, which will help to actively protect threatened species T. baccata . There was no sign of grazing on the seedlings in the reserve, which confirms earlier observations that the place is free from intense animal disturbance . This allows us to eliminate the factor of grazing from analysis.
Different authors have often noticed grouped distribution of young trees in forests. It is often the result of larger or smaller natural gaps in the canopy of the stand (Leemans 1991) . Geostatistical analysis in the Central Apennines found that yew occurred in patches and high density of mature yews suppressed regeneration (Piovesan et al. 2009 ). The presence of gaps leads to a change in ecological conditions under the canopy. One of the most important ecological factors, especially important for natural regeneration, is light conditions on the forest floor (Szwagrzyk et al. 2001) . The analysis of the horizontal spatial organisation of the forest allows us to study the relationships between younger and older trees (Leemans 1991; Szwagrzyk et al. 2001; Szymura et al. 2007) . Spatial relationships between different naturally regenerating species in a mixed forest are particularly interesting because such knowledge could help us to explain the natural species change in the mixed forest. It can also lead to some interesting conclusions about the possibility of species coexistence or their mutual competition (Fajardo and Gonzales 2009) .
The main hypothesis of the present study is that yews grow better under the shade of the forest canopy than firs. The secondary hypotheses are as follows: (1) the growth rate in shade and high competition conditions is higher for yews than for firs; (2) yew and fir individuals are clumped, suggesting that both species occupy different habitats and (3) individuals of both species described as seedlings and saplings are distributed independently from each other which means that there are not mechanisms responsible for attraction or repulsion between them.
Material and methods

Field study
The study was conducted in the Knyazhdvir Nature Reserve in West Ukraine (E 24°50′, N 48°30′). The site is located on the north-eastern Carpathian foothills, on the north-facing slopes above Prut River, at an elevation of 320 to 460 m above sea level. The slopes are composed of Neogene sandstones covered with Pleistocene deposits, mostly alisols. It is crossed by the Prut River, with exposures of several waterbearing horizons. The steepness of the slopes coupled with a permanent water logging causes landslides. Frequently leached and permanently humid cambiosols predominate within the nature reserve. Nowadays, T. baccata occurs mainly in the sub-canopy of the stand.
Data were collected from a 25× 25-m plot. The plot location was chosen at a site presenting a forest with high natural regeneration of Abies alba and T. baccata. Characteristics of studied species are described in Table 1 . Height, diameter and coordinates for each individual tree were recorded. Core samples from 40 individuals (20 from yew and 20 from fir) were collected with a Pressler borer at breast height.
The two core samples from one tree were scanned at 1,200 dpi. The tree ring-widths were measured using a WinDendro™ (Ver. 2008d) software to the nearest 0.001 mm. The average tree ring-widths from two cores were the base for further analysis. The signal homogeneity was subsequently verified using the COFECHA software (Holmes 1994) .
Light intensity of the environment was determined at 20 points in the study area. The photosynthetic photon flux density (PPFD) was measured using a Line Quantum Sensor (Apogee Inc.), which is 1 m long and contains 20 photometers 5 cm apart. The PPFD measurements were taken from the top of dominant T. baccata and A. alba individuals on a cloudy day, according to the methods used by Iszkuło and Boratyński (2006) . PPFD was also recorded in an open area with a Light Sensor (Apogee Inc.). Relative PPFD values were calculated as the ratio of average PPFD in the subplot to the PPFD in the open area.
The JMP software (SAS Institute) was used for the t test analysis after finding the normality of the distribution of the mean age, tree-ring width and average height of T. baccata and A. alba.
Spatial structure
Ripley's function was used to perform a spatial analysis of the distribution of yew regeneration in the Knyazhdvir Nature Reserve. This method is based on the distances between all individuals in a given area (Haase 1995; Salas et al. 2006 ). This procedure was performed for each tree at different distances "d" (up to d max ) . The graph of the K(d) function for the observed values was then compared to the graph with the theoretical model, which assumed the null hypothesis (Poisson model). W ij correlation coefficients were used to solve the edge effect problems (Haase 1995) . The advantage of this method is the possibility of determining the type of individual distribution depending on the spatial scale. The analysis was done using the SPPA Software v2.0.3.
Univariate analysis
The univariate analysis was performed for all living individuals, irrespective of their species and size, and separately for yew and fir regeneration. Ripley's K′(d) function takes the form:
(m 2 ), n0number of trees, u ij 0distance (d) between "i" tree and "j" tree, I ij 01 for u ij ≤d, I ij 00 otherwise, w ij 0marginal effect of the correction factor (Haase 1995; Salas et al. 2006) . Besag (1977) 
stabilises the variance of the K′(d) estimator and is a linear function that facilitates the interpretation of the results. The statistical significance of the observed deviations of L′(d) from the theoretical model (CSR) was determined by the Monte Carlo method (Haase 1995) . Ninety-nine simulations were undertaken to determine a 95% confidence interval. In the case of a random distribution of individuals, L′(d) was equal to zero. L′ (d)>0 indicated that individuals were aggregated, while L′ (d)<0 showed that the individuals were regularly spaced.
Bivariate analysis
Bivariate analysis was performed to investigate the spatial relationships between: (1) regeneration of yews and firs, (2) seedlings and saplings of yew, (3) seedlings and saplings of fir, (4) saplings of yew (H>50 cm) and seedlings of fir (H≤ indicates that the individuals showed a "mutual attraction" and when L′ 12 (d)<0, it indicates that the individuals demonstrated "mutual repulsion" (segregation). The significance of deviations was determined by Monte Carlo using 99 simulations (95% confidence intervals). The null hypothesis was the hypothesis of independence of the distribution of both species and size classes (Fajardo et al. 2006 ). The second layer of sapling was dominated primarily by A. alba (295 individuals) and T. baccata (227 individuals). Nine individuals of F. sylvatica, seven of A. platanoides and four individuals of Corylus avellana were also found.
Results
Characteristic of
Light measurement (RPPFD) above the top of the sapling layer showed that the range of light was mainly between 1.8% and 3.2% with an average of 2.5% PPFD.
The Taxus was dominant in the lowest height class of 25.0 cm and in the classes of heights between 2.1 and 5.0 m. The other height classes were dominated by silver fir individuals (Fig. 1) .
The mean age, tree-ring width and average height increment (Table 2) did not differ significantly between yews and firs (t test).
The radial growth of A. alba and T. baccata at the beginning of their growth was very similar from the 1960s to the early 1970s. From then, yews showed greater radial growth than the firs until 1983. It was from that moment that a decrease in treering growth was observed for both species, but the growth rate was lower in the yews than in the firs (Fig. 2) .
Spatial analysis
In the case of univariate analysis of yews (Fig. 3a) and firs (Fig. 3b) , Ripley's function pointed out that the cluster size for both species was almost the same (about 7.5 m). However, the two species differed in the intensity of the cluster. In the case of yews, the maximum value of the Ripley's function was observed at a distance of approximately 0.2 m, while it was about 6.8 m for fir trees. From the two graphs it can also be seen that the clumps of regeneration were randomly distributed in the plot (Fig. 3) Bivariate Ripley's function for yew and fir seedlings (H≤ 50 cm) did not deviate from the null model (Poisson model) in almost all the distance classes, which indicated the mutual independence of both species (Fig. 4a) . The deviations from the theoretical model occured either in the direction towards groups of individuals (up to about 5 m) or in the direction of their spatial separation (distance >5 m). In the case of saplings of both species, statistically significant deviations from the theoretical model were found at the scale 1-9 m and they tend towards mutual attraction of fir and yew saplings (Fig. 4b) .
Individuals classified as seedlings (H≤50 cm) and saplings (H>50 cm) in the case of yew were characterized by the mutual segregation of their spatial distribution (Fig. 5a ) revealing the presence of the mechanism making the spatial separation of seedlings and saplings of yew. In the case of fir trees, the hypothesis of mutual independence of distribution 1967 1969 1971 1973 1975 1977 1979 1981 1983 1985 1987 1989 1991 1993 1995 1997 1999 2001 2003 2005 2007 Tree-ring width (mm) Fig. 2 Tree-ring width of Taxus baccata (solid line) and Abies alba (dotted line) populations over the years of seedlings and saplings was not rejected. At the whole spatial scale analysed, the deviations from the theoretical model were not statistically significant (Fig. 5b) . The location of yew saplings and fir seedlings showed a very clear mutual attraction between the individuals of both species (Fig. 6a) . This positive correlation was observed in the entire investigated range of distances. A different situation occurred when yew seedlings and fir saplings were taken into consideration (Fig. 6b) . In this case the graph of L′(d) function showed a clear inclination toward a segregation of both species, but these deviations were statistically significant only at distances larger than 3 m (Fig. 6b) .
Discussion
The low light intensity in the analysed plot (an average of 2.5% PPFD) was the minimum light value necessary for yews, but too low for silver fir. According to previous studies, yew seedlings need at least 2-3% (Iszkuło and Boratyński 2006) and fir seedlings 8-12% of PPFD for successful regeneration (Filipiak et al. 2005; Szymura et al. 2007) . The values of light intensity in the analysed population should favour the colonisation and growth rate of yews. However, the seedling distribution, tree-ring growth rate, possibility of fir seedling growth under yew saplings and larger potential growth than Taxus point to the fir tree as the species predisposed to having a competitive edge over the yew.
Both species are classified similarly in terms of light requirements (Ellenberg et al. 1991; Brzeziecki and Kienast 1994) . However, yew (as opposed to the fir) is a typical species of the second forest layer and is widely regarded as a species with lower light requirements (Thomas and Polwart 2003) . The value of the average tree-ring width of yew over the studied area (0.696 mm) was comparable with other populations of this species (from 0.29 to 1.44 mm; Cedro and Iszkuło 2011). However, the potential tree-ring width for the fir tree is much higher than that recorded in the studied area (0.670 mm). The average increment for fir trees was often greater than 2 mm (Carrer et al. 2010; Diaci and Firm 2011; Iszkuło et al. 2011) .
More yews than firs occur in the lowest size classes (the youngest), the abundance of seeds ensures an adequate number of yew seeds for regeneration . Large number of small seedlings is a typical situation observed in many populations of yew, where there is a large number of seedlings that disappears after a few years (Thomas and Polwart 2003; Iszkuło and Boratyński 2006) . The reason for fewer fir seedlings in comparison to yews is probably due to less frequent abundant seed production years, which occurs every 3 to 4 years for fir (Suszka 1983) , and every 1 to 2 years for yew (Thomas and Polwart 2003) . A larger number of yew specimens were also observed in height classes above 2 m. This can be caused by favourable growing conditions for this species as observed in the growth rate that occurred in the 1970s (Fig. 2) .
A large number of the younger fir generation (0.25 to 2 m) together with the dominance of fir growth over recent years indicates that the fir is a species with a greater competitive advantage than the yew. The chance for survival would be growth of both species in different ecological habitats. Spatial analysis did not indicate a segregation of these species in the study area. Interspecific competition was not analysed in this study. It is well-known that T. baccata can grow for a very long time in unfavourable light conditions (Thomas and Polwart 2003) . It appears that in conditions of strong competition with fir, only the possibility of greater survival under conditions of strong shadow may give a chance for yews to survive. Differences in the spatial pattern of yews and firs resulted primarily from the way of seed dispersion. In the case of T. baccata, it is a zoochory, with animals and especially birds (Lu et al. 2008) , while dispersal of A. alba seeds is by wind (anemochory). The result is that the highest clumping of yew tree occurs within 0.2 m, which corresponds to the area of deposition of birds excrements. In the case of fir, maximum deviation from the random distribution model was much larger and was at a distance of approximately 4 m.
The positive correlation between the occurrence of yew saplings and fir seedlings indicates that the conditions under yew saplings are favourable for fir seedlings. Negative allelopathic effects of yew and fir on the germination and growth of seedlings have been demonstrated in several studies (Del Moral and Cates 1971; Pelliser and Souto 1999; Thomas and Polwart 2003; Piovesan et al. 2009 ). However, the allelopathic effects of yew saplings were not evident with the coexistence of fir seedlings. This relationship was not found in the case of fir saplings and yew seedlings. It appears that the fir tree, compared to the yew, is a more effective inhibitor of germination and/or seedling growth. The consequence of this state in terms of coexistence of these two species may be the ousting of yew by fir. It seems that even after an opening in the canopy, a fir tree is more likely to experience faster growth in comparison with yew. Similarly, strong competitive abilities of A. alba were found in the western Alps. Silver fir was more resistant to low growth and had lower mortality in comparison with Picea abies (Vieilledent et al. 2010) . However, the decline of Abies alba in natural ecosystems is more often observed (Thomas et al. 2002; Camarero et al. 2011; Ficko et al. 2011; Klopcic and Boncina 2011) .
These results may confirm an opinion that T. baccata has restricted distribution because of weak competitive abilities (Thomas and Polwart 2003) and can exist only in habitats where fast-growing species are absent (Scheeder 1994) . Similar conclusions results from palaeobotanical studies. The optimum occurrence of yew in interglacials was at the time of the absence of other shade-tolerant species (Averdieck 1971; Kozakova et al. 2011 ) and remained only on relict stands (Krupiński et al. 2004 ). This view calls into question prevailing opinion of human dominant role in decline of T. baccata populations (Lyubenova and Nedelchev 2001; Thomas and Polwart 2003) .
Conclusions
T. baccata often occurs together with A. alba in central Europe. These two species are shade tolerant. However, due to its growth in the second layer, the yew tree is considered to be more tolerant to shade than fir. Since T. baccata is a rare and often threatened species, the assumed greater shadetolerance would give it a competitive advantage over the silver fir. However, during the study, it was found that the fir tree in deep shade conditions showed a greater growth rate than the yew. The young fir seedlings could grow under yew saplings, while yew seedlings did not grow under fir saplings. Higher potential growth of fir compared to yew predisposes this species to have the competitive edge over yew.
